ABSTRACT An in vitro study was carried out to investigate the volatile odorous metabolites produced by necrotic enteritis inducing Clostridium perfringens (Cp) type A field strain (EHE-NE18) cultured in two broth media (thioglycollate broth, brain heart infusion broth) at three levels (0, 10 3 cfu/mL, 10 6 cfu/mL) using 2 × 3 factorial arrangement of treatments, with each replicated three times. The culture media with and without Cp was freshly prepared on the day of measurement and the culture headspace concentration of odorants was measured using selected ion-flow tube mass spectrometry (SIFT-MS). The results showed that media type and Cp level affected the concentration of a range of volatile odorous metabolites including sulfur compounds, alcohols, ketones, amines, and carboxylic acids. Thus, Cp contributes to the production of a wide range of odorous metabolites that can impart noxious smell during infection.
INTRODUCTION
Clostridium perfringens (Cp) is a Gram-positive anaerobic spore-forming rod-shaped bacterium that was first described to cause necrotic enteritis (NE) in poultry by Parish (1961) . Since the discovery, NE outbreaks in poultry production have increased imposing a significant burden to the industry. To date, the disease mounts a devastating cost of approximately US$6 billion per annum to the global poultry industry primarily from NE related production loss and subsequent counter measures (Wade and Keyburn, 2015) .
One of the major gross pathological changes in NE affected broilers is the presence of highly odorous brown fluid in the intestine (Helmboldt and Bryant, 1971) . The volatile metabolites produced by Cp causing the foul odor during NE infections have not been investigated. A wide range of volatile organic compounds (VOC) are produced by bacteria including fatty acids, aliphatic alcohols, ketones, hydrocarbons, aromatic compounds, nitrogen containing compounds, and volatile sulfur compounds as part of their normal metabolism (Schulz and Dickschat, 2007) . Research has shown that Clostridium spp produce various short chain fatty acids, dimethyl disulfide, 2,3-butanediol, isopentanol, and 3-hydroxy-2-butanone (Stotzky and Schenck, 1976) . More specifically, Cp has been reported to produce ethanol, propanol and n-butanol in vitro using gas chromatography-mass spectrometry (Larsson et al., 1978) . There has been a tremendous improvement in the field of mass spectrometry and it is now possible to analyze most of the volatile organic compounds produced by bacteria in real time (Allardyce et al., 2006; Thorn et al., 2011) . There is little available information about volatile odorous metabolites produced by Cp in vitro. This study was an in vitro measurement of odorants produced by the growth of NE inducing Cp type A field strain (EHE-NE18, CSIRO Animal, Australia) in two commonly used culture media, thioglycollate broth with peptone and starch supplementation and brain heart infusion broth.
MATERIALS AND METHODS

Experimental Design
A total of six treatments, each with three replicates, were arranged in a completely randomized design with a 2 × 3 factorial arrangement of treatments. The aim was to study the effect of two broth media (thioglycollate broth, brain heart infusion broth), three Cp levels (0, 10 3 colony forming units (cfu/mL), 10 6 cfu/mL), and their interaction on the concentration of odorants measured in media/bacterial culture headspace. The 3291 
Media Preparations, Culturing and Bacterial Counts
Two types of broth media were used in this study, namely thioglycollate (United States Pharmacopoeia ALTERNATIVE media) broth (TPS) CM0173 (Thermo Fisher Scientific Oxoid Ltd, Basingstoke, UK) and brain heart infusion broth (BHI) CM1135 (Thermo Fisher Scientific Oxoid Ltd, Basingstoke, UK). Desired amounts of broth media were dissolved in deionised water according to the manufacturers' recommendation. Thioglycollate broth had additional supplementation with bacterial peptone (5 g/L) and soluble starch (10 g/L). Each broth was prepared in 2 liter conical glass bottles and mixed thoroughly to ensure the uniformity. The composition of each broth is presented in Table 1 . The media was divided into 75 mL portions in Wheaton bottles (100 mL) before being autoclaved at 121
• C for 15 min to eliminate possible biological contaminants. The subject bacteria used in this study was Cp type A field strain (EHE-NE18, CSIRO, Australia) (Rodgers et al., 2015) which has been confirmed to produce Net B toxin, an essential toxin to cause NE (Keyburn et al., 2008) . Cp were stored in −80
• C freezer and revived in a cooked meat media (CMM) (Oxoid, UK) from overnight growth till the culture became viable (approximately 10 5 cfu/mL) before use in the following procedures. Using a sterile medical grade 1 mL syringe (23 gauge needle), 0.1 mL of Cp culture was transferred to each of prepared thioglycollate broth and brain heart infusion media in Wheaton bottles. Broth media were placed in an incubator at 39
• C for 4 h and 15 h periods to reach bacteria growth of approximately 10 3 to 10 4 cfu/mL, and 10 6 to 10 7 cfu/mL, while the non-growth control mediawere included for incubation for the respective incubation periods. To evaluate the Cp concentration, bacterial growth on selective agar was used with factors of serial dilution. Specifically, when the incubation time was reached, each culture was gently shaken, and 1 mL sample broth was aseptically put into a prepared 9 mL of sterile brain heart infusion broth in a Hungate tube. Serial dilutions were prepared by putting 1 mL of broth from the vortexed Hungate tube into the next Hungate tube filled with fresh 9 mL of brain heart infusion until the factor of dilution reached 10 7 (seventh tube). Using a syringe and 23 gauge needle, 0.1 mL of each dilution factor was aseptically spread onto an individual Cp (TSC) selective agar base (Oxoid, UK). Duplicate plates were made and the agar plates were briefly dried before being incubated at 39
• C anaerobically overnight. Bacterial counts were recorded the next day. Mean bacterial colony counts of replicates and cfu in the original broth were calculated according to the serial dilution factors, i.e., the concentration of Cp in the broth would have been the log conversion to the bacterial colonies on the agar plates with respective dilutions. Incubated non-growth control medium was also subjected to plating onto the selective agar base.
Selected ion-Flow Tube Mass Spectrometry (SIFT-MS) Measurement of Odorants
Culture media (25 ± 1 mL) was transferred to a clean aluminum tray (diameter-90 mm, height-20 mm) and immediately covered and sealed with a flux hood previously described to measure litter headspace concentration of odorants in (Sharma et al., 2016a) . The flux hood was purged with ultra-high purity N 2 gas at 500 mL/min from one end and connected to selected ion-flow tube mass spectrometry (SIFT-MS, Voice 200 SYFT Technologies, Christchurch, New Zealand) at the other end. SIFT-MS drew the gas sample at 14 mL/min from the headspace of the liquid broth media. The measurements were taken every two min for a duration of 16 min and the average of the last 5 readings were reported. After each measurement, the SIFT-MS was flushed with the ultra-high purity N 2 gas for 4 min to remove contaminants from the sampling lines and instrument. Prior to each analysis, the SIFT-MS was calibrated using the method described in a previous study (Sharma et al., 2016b) . The odorants were measured using selected ion method (SIM) scan mode of SIFT-MS. The odorants with their odor characters and odor threshold values are reported in Sharma et al. (2017a) . In all the measurements, the headspace of the medium alone (also held at 37
• C overnight in a sealed bottle) was analysed, immediately followed by the analysis of medium/bacterial culture headspace. , 10 3 cfu/mL, 10 6 cfi/mL) in two broth media (ftioglycollate peptone starch broth and brain heart infusion broth) as measured by SIFT-MS.
Statistical Analysis
Odorant concentrations were analyzed following a 2 × 3 factorial arrangement of treatments using JMP statistical software version 8 (SAS Institute Inc, Cary, NC) to test the main effects of Cp, broth media, and their interaction. Data were subjected to two-way ANOVA and means were separated by Tukey's HSD test at a probability level of 0.05.
RESULTS
Analysed Cp Concentration
Calculated concentrations of Cp in each broth medium of different incubation period are summarized in Table 2 . The non-growth control broth did not show any evidence of Cp growth on the selective agar. (Table S1 ). a) Odorants belonging to the group of sulfur compounds. As shown in Figure 1 , there was a Cp × media interaction on the culture headspace concentrations of carbon disulfide, carbonyl sulfide, ethyl mercaptan, hydrogen sulfide, and methyl mercaptan (P < 0.05).
There was no effect of Cp level on the headspace concentrations of carbonyl sulfide (Figure 1b) , ethyl mercaptan (Figure 1c) , and hydrogen sulfide ( Figure 1d ) in BHI medium but such effects were present in TPS medium where 10 6 cfu/mL of Cp increased the headspace concentrations of carbonyl sulfide by 90-fold (P < 0.01), Figure 2 . Concentration of ketones: (a) 2:3-butanedione, (b) 3-hydroxy-2-butanone: alcohols: (c) 3-methyl-1-butanol, and (d) total butanols (1-butanol and 2-butanol) produced by three levels of Clostridium perfringens (0, 10 3 cfu/mL, 10 6 cfu/mL) in two broth media (thioglycollate peptone starch broth and brain heart infusion broth) as measured by SIFT-MS. ethyl mercaptan by 2.5-fold (P < 0.01), and hydrogen sulfide by 19-fold (P < 0.01) compared to the medium with no Cp. Clostridium perfringens increased the headspace concentration of methyl mercaptan in both media. The concentration of methyl mercaptan was lower in BHI than TPS at zero Cp (Figure 1e) . In TPS medium, the headspace concentration of methyl mercaptan increased by only 1.8-fold but in BHI medium, it increased by 42-fold (P < 0.01) when Cp concentration in culture increased from 0 to10 6 cfu/mL. The headspace concentrations of methyl mercaptan in both media were the same at 10 6 cfu/mL of Cp. b) Odorants belonging to the group of alcohols and ketones. There was an interaction between Cp and media on the concentrations of 2,3-butanedione, 3-hydroxy-2-butanone (acetoin), 3-methyl-1-butanol, and total butanols (1-butanol+2-butanol) as shown in Figure 2 . There was no effect of Cp on the concentrations of 2,3-butanedione ( Figure 2a ) and 3-hydroxy-2-butanone ( Figure 2b ) in BHI medium but in TPS medium when Cp concentration increased from 0 to 10 6 cfu/mL, the headspace concentration of 2,3-butanedione increased by 3.2-fold (P < 0.01) and 3-hydroxy-2-butanone increased by 35.4-fold (P < 0.01). The highest Cp concentration (10 6 cfu/mL) increased the headspace concentration of 3-methyl-1-butanol (Figure 2c) and total butanols ( Figure 2d ) (P < 0.01) compared to the culture media without Cp, with the highest concentration of these odorants observed in the TPS medium. c) Odorants belonging to the group of amines. There was a Cp × media interaction on the culture headspace concentrations of methylamine, dimethylamine and trimethylamine as shown in Figure 3 . There was no effect of Cp on the concentrations of dimethylamine (Figure 3b ) and trimethylamine ( Figure 3c ) in BHI medium but in TPS medium, 10 6 cfu/mL of Cp increased the concentration of dimethylamine by 5.3-fold (P < 0.01) and trimethylamine by 3.8-fold (P < 0.01) compared to the medium with no Cp. In TPS medium at 10 3 cfu/mL, Cp increased the culture headspace concentration of methylamine by 1.2-fold and further by 1.8-fold at 10 6 cfu/mL as compared to the medium with no Cp. d) Odorants belonging to the group of carboxylic acids. There was a Cp × media interaction on the culture headspace concentrations of acetic acid, propionic acid, butyric acid, and isobutyric acid as shown in Figure 4 . There was no effect of Cp on the concentrations of acetic acid (Figure 4a ), propionic acid (Figure 4b ), butyric acid (Figure 4c ), and isobutyric acid (Figure 4d) in BHI medium but in TPS medium, 10 6 cfu/mL of Cp increased the concentration of 3 cfu/mL mL , 10 6 cfu/mL) in two broth media (thioglycollate peptone starch broth and brain heart infusion broth) as measured by SIFT-MS. ,  10 3 cfu/mL, 10 6 cfu/mL) in two broth media (thioglycollate peptone starch broth and brain heart infusion broth) as measured by SIFT-MS.
acetic acid by 13.7-fold (P < 0.01), propionic acid by 13.5-fold (P < 0.01), butyric acid by 100-fold (P < 0.01), and isobutyric acid by 23-fold (P < 0.01) compared to the medium with no Cp. e) Other odorants. There was a Cp × media interaction on the culture headspace concentrations of hexane, indole and 1,4-diaminobutane as shown in Figure 5 . There was no effect of Cp on the concentrations of hexane (Figure 5a ), indole (Figure 5b ) and 1,4-diaminobutane (Figure 5c ) in BHI medium but in TPS medium, 10 6 cfu/mL of Cp increased the concentration of hexane by 2.6-fold (P < 0.01), indole by 3.9-fold (P < 0.01) and 1,4-diaminobutane by 2.3-fold (P < 0.01) compared to the medium with no Cp. 2) Concentration of odorants produced by Cp not affected by media type (main effect of Cp). The effect of Cp on the culture headspace concentrations of 1-propanethiol and dimethyl sulfide is presented in Figure 6 . Cp increased the concentration of 1-propanethiol by 2-fold at 10 3 cfu/mL and by 2.6-fold at 10 6 cfu/mL (P < 0.01) compared to zero Cp concentration (Figure 6a ). Similarly at 10 6 cfu/mL, Cp increased the concentration of dimethyl sulfide by 2.2-fold (P < 0.01) compared to zero concentration (Figure 6b ). 3) Changes in concentration of odorants produced by broth media (main effect of broth media). As shown in Figure 7 , TPS medium produced higher headspace concentrations of 1-propanethiol (P < 0.01), 3-methylbutanal (P < 0.05), 3-methyl indole (P < 0.05), and benzene (P < 0.01) but lower concentration of cresols (P < 0.01) compared to BHI medium.
DISCUSSION
Clostridium spp. have been found to correlate with the production of 1,3-butanediol and 3-hydroxy-2-butanone from wet litter in broiler farms and butyric acid from fermentation of sugars (Wadud, 2011) . In a recent study (Sharma et al., 2017b) , Cp infection producing sub-clinical NE in broilers resulted in high litter flux of odorants belonging to the group of sulfur compounds (dimethyl sulfide, propyl mercaptan, and ethyl mercaptan), alcohols (total butanols), ketones (acetoin), carboxylic acids (butyric acid), and amines (methyl amine). In the same study, some more odorous metabolites such as 2,3-butanedione, acetic acid, propionic acid, isobutyric acid, isovaleric acid, pentanoic acid, 2-butanone, and 3-methyl-1-butanol were increased in litter headspace when NE and wet litter occurred simultaneously. Most of these odorants are similar to what we observed in this in vitro study. However, the conditions in the litter are different than that of media and this may support the growth of odor forming bacteria other than Clostridium spp. (Wadud, 2011) . In contrast, odorants specific for Cp (in broth Figure 6 . Concentration of (a) 1-propanethiol and (b) dimethyl suKtde produced by three levels of Clostridium perfringens (0, 10 3 cfu/mL, 10 6 cfu/mL) as measured by SIFT-MS.
culture) were measured in the current study. These included sulfur compounds, alcohols, aldehydes, ketones, amines, and carboxylic acids. Some of these VOC are odorous and can produce a characteristic smell in tissue infection such as the one observed in gas gangrene by cytotoxic Clostridia (Boland, 1929 cited in Thorn et al., 2011 .
The concentration of odorants increased at high Cp concentration (i.e., 10 6 cfu/mL). This has implications as the intestinal contents of broilers infected with subclinical NE have Cp concentration of 10 6 to 10 7 cfu/g compared to intestinal contents of healthy broilers with Cp concentration of 10 2 to 10 4 cfu/g (Wu et al., 2010) . Thus, it can be speculated that sub-clinical NE affected broilers may produce higher concentrations of odorous metabolites in the excreta compared to healthy broilers. There were significant differences between the odorants produced by Cp type A field strain as cultured in two different media. Most of the odorants were produced at higher levels when Cp was cultured in TPS medium compared to BHI medium. The VOC produced by bacteria may differ according to the media type (Wadud, 2011) . For example, hydrogen sulfide was the major compound formed in Dulbecco's modified Eagle's medium by E. coli whereas ammonia was highly produced when this bacterium was cultured in lysogeny broth (Chippendale et al., 2011) . In a study by Scotter et al. (2005) , six different fungi were cultured in five different media that produced odorants such as ethanol, acetaldehyde, acetone, methyl mercaptan, and 2-butanal the concentrations of which varied according to the fungus type and media used to culture them. These differences occur because the bacterium feeds on the different constituents present in the medium and release the odorants as metabolic end products. The TPS medium used in this study contained yeast extract and a sulfur-containing amino acid both of which may have been used by Cp to release a large number of odorants. In this study, Cp produced a wide range of volatile odorous metabolites belonging to the group of sulfur compounds, alcohols, ketones, amines, and carboxylic acids the concentrations of which varied according to the media type and Cp concentration.
Thus, Cp contributes to the production of a wide range of metabolites that can impart noxious odors during infection. This work supports previous findings that Figure 7 . Concentration of odorants produced by brain heart infusion broth and thioglycollate peptone starch broth as measured by SIFT-MS.
odor produced from Cp infected chickens is related to diet composition.
SUPPLEMENTARY DATA
Supplementary data are available at PSCIEN online. Table S1 . Concentration of volatile odorous metabolites produced by Clostridium perfringens (Cp) cultured in two broth media as measured by SIFT-MS 1 (μgm -3 ).
